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SWAC 4: Broadband data analysis 
using sub-band processing 

G. Haralabus, E. Capriulo, and W.  M. X 
Zimmer 

Executive Summary: 

Broadband signal processing is gaining attention in the underwater research 
community as it demonstrates system performance enhancement in cluttered, 
littoral waters. The analysis of wide band signals has significant potential in 
target detection, multistatic sensing, and modelling. Early experiments demon- 
strated that bandwidth increase improves target detection in reverberation 
limited conditions, an issue of extreme importance to Fleet applications. In 
a multi-sensor, multi-platform configuration, frequency incompatibility prob- 
lems can be avoided by utilizing broadband instruments. A wide spectrum 
may also be used to counter counter-measures by changing operational fre- 
quencies to combat jammers. Finally, sound propagation and target modelling 
programmes could utilize broadband signals to simulate a wider variety of sce- 
narios and improve verisimilitude to real life conditions. SACLANT centre is 
presently acquiring its own experimental broadband sonar and will exercise its 
first sea trial dedicated to broadband processing in November 1999. 

Here, broadband data sets from the SWAC 4 sea trial were used to investigate 
the frequency dependence of detection performance during this experiment. A 
sub-band matched filter scheme is deviced. The 1200-Hz transmitted signal is 
divided ten equal sub-bands, each of which is processed individually. Ultimately 
this method may lead to optimum operational frequency selection. The data 
set demonstrates comparable detection performance across the spectrum. The 
signal-to-noise ratio as a function of frequency is also examined. Frequency 
shift and sub-band synchronization problems created by long duration active 
transmissions are addressed. Finally, a method is developed for range rate 
estimation (relative velocity between source and receiver) based on intra-ping 
differential time delay of sub-band detection outputs. 
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SWAC 4: Broadband data analysis 
using sub-band processing 

G. Haralabus, E. Capriulo, and W.  M. X 
Zimmer 

Abstract: 

The frequency dependence of broadband active detection/localization is exam- 
ined. The analysis is based on 1200 Hz (2300-3500 Hz) LFM signals acquired 
during the SWAC 4 sea trial. A sub-band matched filter scheme is devised 
according to which a replica of the transmitted pulse is segmented into ten 
120 Hz sub-bands and processed independently through a matched filter detec- 
tor. Comparison of target detection and ranging results indicate comparable 
performance for all sub-bands. However, ping-to-ping variability of the ten 
correlator outputs suggest that the detection performance may be improved 
by employing incoherent processing schemes. Signal-to-noise ratio is proved to 
be controlled mainly by noise (reverberation is the predominant noise source) 
rather than signal variations. The signal intensity remains proportional to the 
distance between source and receiver due to favorable propagation conditions. 
Doppler effects and sub-band detection synchronization problems which may 
lead to performance degradation in large time-bandwidth signal processing are 
addressed. A method to estimate range rate (relative velocity between source 
and receiver) based on single ping differential time delay between sub-band 
MF outputs is developed. This intra-ping technique is an alternative to the 
standard inter-ping method which requires multiping detection history. 

Keywords: 

Broadband, sub-band processing, detection variability, intra-ping differential 
time delay, range rate 
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Introduction 

The increased utilization of broadband signals in anti-submarine warfare is related to 
sonar performance enhancement in littoral waters, optimum operational frequency 
selection, multi-purpose experimental settings and new research developments. Pre- 
liminary wide band experiments indicate potential performance improvement in re- 
verberation limited environments. Large bandwidth implies small resolution cells 
and concomitant reverberation suppression, which leads to target detection enhance- 
ment [1], [2], [3]. Additionally, multistatic experiments require transmitting and re- 
ceiving devices on different platforms. It is highly improbable that all assets operate 
at the same frequencies. The utilization of broadband signals offers the opportu- 
nity to select a common operating spectrum segment which guarantees frequency 
compatibility. 

Detection performance may be enhanced by optimum operating frequency selection, 
advanced incoherent processing, and waveform [4] and filter optimization techniques 
[5]. The waveform optimization method is based on adaptive pulse length correction 
which works by allocating energy to frequency bands according to in situ measured 
reverberation and ambient noise spectra. This requires a continuing adaptation of 
the replica pulse during the experiment based on environmental input. The filter 
optimization method works by pre-whitening the received signal and assumes knowl- 
edge of the noise spectrum. Both these methods are susceptible to environmental 

mismatch. 

Modelling of a wide band active sonar scenario is a very complex task. There is no 
simulation toolkit which offers an accurate and robust, end-to-end solution to target 
detection based on broadband medium modelling. The main reason for this is that 
research tends to focus on different modules of the simulation chain independently of 
overall compatibility. For the time being, broadband processing payoffs will probably 
be demonstrated in experiments at sea. SACLANT centre is presently acquiring its 
own experimental broadband sonar and will exercise its first sea trial dedicated to 
broadband processing in November 1999. 

The purpose of this project is to exploit broadband active signals to measure detec- 
tion performance, optimum operational frequency, and the development of methods 
suitable for optimizing the (incoherent) processing gain of wide band signals. 

1- 
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As an early approach into broadband processing analysis, data from the SWAC 4 
sea trial are analyzed. Broadband signals of 1200 Hz bandwidth (centered around 
3 KHz) were used. The goal here is to assess the frequency dependence of matched 
filtering (MF) when applied to broadband signals. A sub-band matched filter (MF) 
processing scheme is deviced. A replica of the 1200 Hz transmitted signal is divided 
into ten sub-bands and the MF algorithm is applied to each sub-band. Compari- 
son between the various outputs reveals the frequency dependence of the detection 
results. Aspects of the sub-band detection examined here are: sub-band target de- 
tection/localization, signal-to-noise ratio (SNR) comparison, Doppler and sub-band 
synchronization, and intra-ping range rate estimation. 
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Experimental configuration and data acquisition 

The data processed were acquired during run 18 of the SWAC 4 sea trial which took 
place in the Ionian sea in 1996. Figure 1 shows the bathymetry of the area. The 
coordinates of the course of the R.V. Alliance and the target are shown in Fig. 2. It 
is a typical closing-opening range type of run. The minimum and maximum ranges 
between source and target are 7.9 km and 31.4 km respectively. The target depth is 
approximately 70 m, the source depth is 68 m and the towed array depth is 64 m. 
A variation of the order two meters from these nominal values is expected due to 
undersea currents, velocity changes of the towing ship, and instrument inaccuracies. 

The run continued for approximately 2:30 hours; commencing 05:51 ending 08:06 
Zulu time. A total of 180 pings were transmitted. At the transmission of the 15th 
ping (closing part), the coordinates of the Alliance were 37:35.914 N, 21:14.41 E, the 
speed was 5.2 kn, the heading 112.5 degrees, and the array heading 111.2 degrees. 
During the opening part, when the 150th ping was transmitted Alliance was at 
37:31.65 N, 21:28.576 E, speed 5.2 kn, heading 113.3 degrees, and array heading 
111.6 degrees. 

The transmitted signal is a 12 s, uniform LFM with frequencies 2300 Hz to 3500 Hz. 
The receiving device is a 64-element, mid frequency, horizontal array. 21 beams are 
formed. The sampling frequency is 4000 Hz. The length of the acquisition window 
is 55 s (including the 12 s transmission) plus a 5 s waiting period which results in a 
one ping per minute repetition rate. 

The general propagation conditions in the area are shown in Fig. 3 and Fig. 4. The 
three sound velocity profiles correspond to a) the beginning of the run (37:36.589 
N, 21:12.265 E), b) approximately at the middle of the run (37:33.632 N, 21:21.984 
E), and c) towards the end of the run (37:30.988 N, 21:30.670 E). They are typical, 
downward refracting, Mediterranean summer profiles [6]. Compared to the two 
profiles of the shallow water zone, the deep water profile Fig. 3 a) demonstrates 
shallow surface layer and main thermocline layer with increased negative sound speed 
slope.The propagation loss plots created using the C-SNAP simulation package [7] 
are shown in Fig. 4 and 5. The source is placed at 68 m depth. Figure 4 shows 
a five-frequency propagation loss average of the lowest sub-band 2300-2420 Hz for 
each one of the three sound velocity profiles. Figure 5 shows the corresponding 
five-frequency propagation loss average for the highest sub-band 3380-3500 Hz. For 
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the first profile, the deep water in conjunction with the source placement at the 
negative gradient part of the sound velocity profile results in wide acoustic energy 
distribution in the first 20 km. For the other two cases, the source is situated at the 
isothermal part of the sound velocity thus creating a distinct, long-range channel 

axis. 

Figure 1: Experimental site for the SWAC 4 trial. 
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Figure 2: Geometry of run 18 of the SWAC4 sea trial. 
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Figure 3: Sound velocity profiles measured during run 18 of the SWAC 4 sea trial. 
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Figure 4-'   Five-frequency average propagation loss plots for the lower end of the 
spectrum.  The central frequency used in the simulation is 2360 Hz. 
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Figure 5:  Five-frequency average propagation loss plots for the higher end of the 
spectrum.  The central frequency used in the simulation is 3440 Hz. 



SACLANTCEN SR-320 

Target detection/localization based 

on sub-band processing 

The transmitted LFM spectrum ranges from 2300 to 3200 Hz. This 1200 Hz band is 
divided into ten sub-bands and ten LFM replicas of 120 Hz bandwidth are created. 
The replicas are correlated with the full band of the received signal using the MF 
algorithm. For each ping the beam with the highest SNR is chosen. The results 
are arranged in a ten-segment detection output series (Fig. 6) of unnormalized data. 
The main goal is to explore the similarities and the diversities of the sub-band 
detection outputs based on a qualitative and quantitative comparison, with emphasis 
on frequency dependent trends which may indicate ways to exploit detection results 
in a coherent or incoherent manner. 

The partition of the LFM signal into ten segments is meaningful from an energy 
point of view because the 12 s duration of the pulse allocates sufficient (for detection 
purposes) energy to each sub-band. Figure 7 displays the five sub-band MF output 
of the low frequencies, and Fig. 8 shows the five sub-band MF outputs of the high 
frequencies (notice that Fig. 7 and Fig. 8 are emphasized segments of Fig. 6). 51 
pings (from 40 to 90) are displayed for each sub-band corresponding to the part of 
the run before, during, and after the closest point of approach (CPA). The x-axis 
represents the range between source and target and the y-axis shows the magnitude 
of the unnormalized data. In general, the MF outputs are similar in the sense 
that there is not a particular band in which the detection performance is distinctly 
different from the rest. This implies that the frequency dependence is not significant. 
However, a ping-to-ping comparison reveals many discrepancies. For the same range, 
the local sub-band maxima usually correspond to different pings. It is interesting to 
note that the absolute maximum does not correspond to the CPA, although at this 
point the target aspect is broadside and the distance between source and target is 
minimized. 

Figure 9 is another way of looking at target detection results for all sub-bands. It is 
a pseudo 3-D plot with the plane axis showing range in km versus ping number. The 
"hidden" third dimension is the size of the dot which is proportional to the signal-to- 
noise (SNR) ratio and varies from 10 dB (detection threshold) to 48 dB. The lowest 
plot corresponds to the lowest frequency band. The other plots are arranged with 
increasing frequency order. An artificial displacement of 1 km between adjacent 
bands is set to avoid overlapping. 
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The pattern of localization is similar to the previous results. In Fig. 9 it is also 
observed that the closing and the opening part of the run ( pings 20 to 80 (=CPA) 
and pings 81 to 150 respectively ) do not have symmetric values around the CPA. 
That SNR values peak at the closing part of the run before reaching the CPA, is 
attributed to ambient noise and mainly reverberation fluctuations, as discussed in 

the following section. 

Figure 10 is a 3-D plot of the SNR as a function of frequency. It is found that 
reverberation is the principle source of noise during the run. The ping average SNR 
is also indicated for each sub-band. The mean of the average SNR of the five high 
frequency sub-bands is 31.6 dB and that of the five low frequency bands is 30.6 
dB. This difference is attributed to the array gain variation with frequency. As the 
frequency is decreased below the critical frequency for which A = 2d, the array gam 
decreases approximately 3 dB per octave. 

Target detection/localization based on coherent, full bandwidth MF processing is 
not considered due to severe motion effect. High relative speed due to opposite 
course of target and sonar platforms in conjunction with the 12 s signal duration 
created a highly dynamic geometry. The effect this geometry has on the signal/data 
processing will be addressed analytically in section 5. 

-10- 
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Figure 6: Frequency dependent sub-band matched filter processing. Unnormalized 
output from ten sub-bands arranged with increasing frequency order from bottom 
F 1(2300-2420 Hz) to top F10 (3380-3500 Hz). 
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Figure 7: Frequency dependent sub-band matched filter processing. Unnormalized 
output from the first five sub-bands arranged with increasing frequency order from 
bottom Fl(2300-2420 Hz) to top F5 (2780-2900 Hz). 
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Figure 8: Frequency dependent sub-band matched filter processing. Unnormalized 
output from the first five sub-bands arranged with increasing frequency order from 
bottom F6 (2900-3020 Hz) to top F10 (3380-3500 Hz). 
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Figure 9: Target localization and signal-to-noise ratio as a function of frequency. 
The bottom curve represents actual range values. The other curves have a 1 km 
offset to avoid overlap. The size of the dot is proportional to the SNR and varies 

from 10 to 48 dB. 
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Figure 10: SNR as a function of frequency in a reverberation limited environment. 
For each sub-band, the average SNR for the entire run is indicated. 
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Sub-band SNR ratio comparison 

The variation of SNR as a function of range and frequency is fundamental to the 
assessment of sub-band MF performance. The SNR is directly related to target 
detection and incorporates signal and noise variations. The value of SNR=10 dB is 
selected as the nominal detection threshold. Everything above this value is classified 
as a potential target. For the data presented here, everything above 10 dB is verified 

to be the target. 

Figure 11 shows the SNR variation corresponding to the ten sub-bands as a func- 
tion of ping number, which can be related to time and range, given that the ping 
repetition rate is one minute and the source speed is 5 knots. For each ping, the 
bar length represents the SNR value span in the ten sub-bands. The black bars 
indicate that all ten values are greater than the 10 dB detection threshold while the 
grey bars correspond to cases where the SNR in one or more sub-bands is below 
this threshold. Figure 11 demonstrates the fluctuations of the SNR over 130 pings. 
Similarly to the target ranging (Fig. 9), the maximum SNR values correspond to 
the closing part of the run (pings 40-60) before the CPA (ping 80). It can also be 
observed that there are three areas of local minima at ping numbers 25, 105 and 
145. To explain these SNR variations and to see the individual contribution of each 
sub-band, two steps are taken: the signal and the noise calculations are separated 
and the SNR values for three characteristic sub-bands are plotted individually. The 
SNR values for the lowest (2300- 2420 Hz), the middle (2780-2900 Hz) and the high- 
est (3380-3500) band are superimposed on the general plot (Fig. 12, 13, and 14). It 
may appear that the low frequencies have low SNR values, however this is not true 
for the first 40 pings. The middle frequencies indicate more local maxima than the 
high frequency sub-band. In conclusion, the SNR fluctuations do not appear to be 
frequency dependent. 

The SNR pattern, signal and the noise calculations are plotted separately in Fig 15. 
The top "cluster" part of the plot corresponds to the signal values and the bottom 
"cluster" part shows the noise levels in dB. For each ping, only those signal and 
noise estimates which correspond to SNR greater that 10 dB are plotted. It can 
be observed that the signal values are symmetric around the CPA maximum. This 
also indicates that good propagation conditions result in two-way intensity levels 
proportional to the distance between source and receiver. On the contrary, the 
noise characteristics vary with respect to range. At the beginning of the run, the 

- 16 
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noise values are high due to ship traffic and reverberation followed by a low noise 
area, at the end of the run a noise increase is observed. 

This is a first approach at broadband data analysis therefore we concentrated only 
on the SNR variation to assess the detection performance. Future investigation 
will utilize Receiver Operating Characteristics (ROC) curves as standard measure 
of performance. 

SWAC4RUN18_M 
GR EY = AT LEAST 0 NE BAND HAS SIN < 10 dB THR ESHOLD 

i immune,,   r jili'7i 

70        80        90 
PING NUMBER 

100 110 120       130 HO 15 

Figure 11: SNR versus ping number. Each vertical bar corresponds to the SNR 
variation of the ten sub-band estimates. Black bars indicate that all ten SNR values 
are above the detection threshold of 10 dB while grey bars indicate that one or more 
SNR values are below this threshold. 
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SWAC4 RUN18_M 2300-2420 
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Figure 12: SNR versus ping number for the lowest frequency sub-band (2300-2420 
Hz). The yellow line indicating the SNR values for the particular band is superim- 
posed on the general plot of Fig. 11. 
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SWAC4 RUN18_M 2780-2900 
GREY = AT LEAST ONE BAND HAS S/N < 10 dB THRESHOLD 
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Figure 13: SNR versus ping number for the lowest frequency sub-band (2780-2900 
Hz). The green line indicating the SNR values for the particular band is superimposed 
on the general plot of Fig. 11. 
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SWAC4 RUN18_M 3380-3500 
GREY = AT LEAST ONE BAND HAS S/N < 10 dB THRESHOLD 
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Figure 14: SNR versus ping number for the lowest frequency sub-band (3380-3500 
Hz). The blue line indicating the SNR values for the particular band is superimposed 

on the general plot of Fig. 11. 
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Figure 15: Separate estimates for signal and noise versus ping number. Their pattern 
implies that the SNR variations shown in Fig. 11, 12, 13, and 14 are attributable to 
noise fluctuations. 
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Doppler effect and sub-band 
detection differential time delay 

This section deals with the Doppler effect on active detection performance caused 
by relative motion between source and target and exacerbated by long-duration 
transmissions. The problem of sub-band synchronization regarding MF incoherent 

processing, is also addressed. 

In general, the resolution cell in active sonar cases can be expressed in the following 

way: 

"T = i m 

therefore the range rate is given by the formula 

vr = 
2 BT 

(2) 

where vr is the relative velocity or range rate between source and receiver in meters, 
c is the sound speed in m/s, B is the signal bandwidth in Hz, and T is the duration 
of the pulse in seconds. 

In particular, it can be shown that the velocity tolerance of an LFM, which is defined 
as the relative velocity value corresponding to a SdB correlation loss is given by 
the following equation [1] 

1350 ,„s 
vr = -W (3) 
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where vT is the range rate in m/s. 

In run 18 the total duration of the LFM pulse is 12 s and the total bandwidth is 
1200 Hz. Eq. (3) indicates that the velocity tolerance is practically zero. In reality, 
the source and the target are moving towards or away from each other on a parallel 
course with an average relative velocity of 8.6 kn. Thus a severe Doppler problem 
exists. 

The frequency shift caused by the Doppler effect can be calculated using the following 
formula [2] 

M = ±—f (4) c 

where / the operating frequency in Hz. The ± sign indicates up-Doppler for ap- 
proaching and down-Doppler for receding targets. For an average relative speed of 
8.6 Kn and for the minimum frequency 2.3 kHz, the frequency shift is 19.78 Hz. 

According to Eq. (3), sub-band MF detection, is not significantly affected by the 
Doppler effect because each band width is 120 Hz with corresponding sub-pulse 
duration 1.2 s. However, two synchronization problems arise when incoherently pro- 
cessing the received signal. The first one is the 1.2 s time delay between adjacent 
sub-band outputs. This time lag becomes more evident considering the 10.8 s delay 
between first and last sub-band. When all ten sub-band detection outputs are in- 
coherently processed this time delay must be accounted for. The second problem is 
related to the geometry of the run which creates a continuous range change between 
source and receiver. At the closing part of the run, the distance between source and 
receiver is reduced during the 12 s transmission and vice versa, it is increased during 
the opening part of the run. Contrary to the well-defined transmission delay between 
adjacent sub-bands, the differential time delay is a more subtle phenomenon. 

Figure 16 demonstrates this problem caused by source and target repositioning dur- 
ing transmission. The 1.2 s difference between adjacent sub-bands has already been 
taken into account, therefore what is shown here is the two-way travel time of the 
transmitted sub-pulse. Eleven plots are included. From bottom to top, the first ten 
plots show the MF output for ping 45 versus detection time, arranged in increasing 
frequency (sub-band) order. The top plot shows the normalized average of the ten 
sub-bands plotted below it. The y-axis represents the MF output normalized accord- 
ing to the SNR for each sub-band. Their normalized average is smoother than the 
individual output series and it reaches its maximum at the median of the individual 
sub-band maxima. Figure 16 corresponds to the closing part of the run during which 
distance between target and receiver is reduced.  Detection outputs based on high 

23 



SACLANTCEN SR-320 

frequency sub-bands indicate reduced detection times. This is explained by the fact 
that the high frequencies in the 12 s pulse are transmitted last (up-sweep pulse), 
therefore, at that point, the distance between source and target is reduced relative to 
the beginning of the transmission. On the contrary, during the opening part of the 
run the distance between source and receiver increases during transmission. At the 
CPA, the distance between target and receiver does not change significantly thus the 
detection time remains the same for all ten sub-bands. The next chapter includes 
a method to exploit this differential time delay in order to estimate the range rate 
between source and target based on a single ping observation. 
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Figure 16: Normalized MF output for ping 45 (closing part of the run) with SNR 
estimation for each sub-band independently. The sub-band differential time delay is 
shown. The top plot shows the normalized average of the individual sub-band MF 

outputs. 
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Range rate estimation based on intra-ping 

sub-band differential time delay 

Sub-band MF processing and in particular the differential detection time delay dis- 
cussed in the previous section provides sufficient information to estimate the relative 
velocity between source and receiver. This alternative intra-ping scheme presented 
here is suitable when the standard inter-ping method is not applicable due to the 

absence of ping history. 

Let Rm and Rn denote the detection distances corresponding to sub-bands m and 
n. The time interval between sub-bands m and n is Tmn. Then the intra-ping range 

rate is given by the following formula: 

u = 
Rm       Rn /c\ 

The sub-band detection times corresponding to Rm and Rn are denoted dtm and 
dtn respectively. After substitution of Rm = dtmc/2 and Rn = dtnc/2 into Eq. 5, 
the intra-ping range rate formula becomes 

4    -*- mm, 

where DTmn = dtm - dtn is the differential detection time delay between sub-bands 
m and n, and c (m/s) is the sound velocity in the water column. 

For example, the range rate estimation based on the two extreme sub-bands proceeds 
as follows: m=l (first sub-band), n=10 (last sub-band), Tmn = 10.8s, c = 1511m/s, 
and for ping 45 dtm = 25.577s, dtn = 25.475s. Substitution of these values into 
Eq.( 6) gives the following intra-ping range rate value: 
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0.102    1511 , m u =     = 7.135 m s {<) 
10.8       2 ' 

where DTmn = dtm - dtn = 25.577 - 25.475 = 0.102 s is the sub-band differential 
delay between the first and the last band. 

It is noted that 7.135 m/s is approximately 14 knots; too large for the relative 
velocity of two platforms having average speed 5.2 knots each. Figure 17 shows inter- 
ping (blue line) range rate estimation, the average intra-ping range rate estimation 
(red line) for the entire run and individual estimates intra-ping estimations ( black 
lines) based on different sub-band pairs. Obviously there is a significant difference 
between the two estimates as the intra-ping values are almost double the inter-ping 
ones. This relationship is explained in the following subsection. 

6.1    Inter-ping versus intra-ping range rate estimation 

The difference between the two estimates is due to the fact that the intra-ping range 
rate estimate is attributed not only to distance change, as mentioned above, but also 
to an additional Doppler shift which occurs during the transmission of a single ping. 
This frequency shift creates a different compression and expansion detection time 
for each sub-band. For LFM signals the time change corresponding to the frequency 
offset due to relative velocity can be expressed in the following way [13]: 

An = ^^/r (8) 

where ur is the actual (inter-ping) range rate, c is the sound speed, /i is the central 
frequency, Ts is the duration of the sub-pulse, Bs is the bandwidth of the sub-band. 

Then, the delay between two sub-bands can be written as: 

Ar = Ar1-Ar2 = ^^(/1-/2) (9) 

where f2 is the central frequency of the second band. Note that all sub-bands have 
the same bandwidth Bs and duration Ts. 
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The additional range rate factor which corresponds to this time difference between 

sub-bands is given by the formula: 

Av  = — (10) 

where TT is the transmission time difference between the two sub-bands. 

Using Eq. (9), Avr becomes 

A Ts   (/l   -  /2) /-,-|N 

For an LFM signal, frequency changes proportionally to time, so 

TT      (/I - h) 
(12) 

where the « sign indicates that (fx - /2) is approximately the bandwidth which 

corresponds to Ty. 

Equation (12) in conjunction with Eq. (11) leads to 

Avr - vr (13) 

which means that the additional range rate factor due to Doppler equals the actual 

range rate. 

In other words, the intra-ping estimation of the range rate given by Eq. (6) is twice 
the actual range rate. So, it is shown that for an LFM signal the relationship between 
intra-ping v and inter-ping (actual) vr range rate estimation is 
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v = 2vr (14) 

The application of this formula to the real data is shown in Fig. 18 where the 
intra-ping range rate calculation offers an accurate estimation of the actual relative 
velocity between source and receiver. 
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Figure 17: Before the correction for the intra-ping Doppler effect: the actual, inter- 
ping range rate estimate (blue line) compared to the average range rate estimate (red 
line) of nine independent calculations (black lines) based on different sub-band pairs. 
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Figure 18: After the correction for the intra-ping Doppler effect: the actual, inter- 
ping range rate estimate (blue line) compared to the average range rate estimate (red 
line). 
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7 
Conclusions 

The conclusions drawn from this work are both case-specific and general. For exam- 
ple, results related to the type of run should not be generalized, and vice versa, the 
analysis of long pulse duration effects can be assessed in a more general framework. 
This distinction is necessary because the data set analyzed here was acquired during 
a sea trial which did not have broadband analysis as its main objective. This cre- 
ated certain inconveniences which may be avoided in future experiments specifically 

planned for wide band signals utilization. 

To examine the frequency dependence of detection performance for broadband sig- 
nals, a sub-band processing scheme was deviced. The transmitted spectrum was 
divided into ten sub-bands of equal length which are processed independently. The 
comparison among sub-band MF outputs indicates a small degree of frequency de- 
pendence for the particular data set. However, ping-to-ping variations of local sub- 
band maxima suggest potential performance gain for incoherent processing schemes. 
In processing sub-bands incoherently, the detection time shift between adjacent 
bands is estimated. This offset is generated as the distance between source and 
receiver changes during transmission. The compensation for this time shift may 
improve the performance of MF methods by means of synchronizing the individual 
inputs in an incoherent processing algorithm. This scheme can be realized with 
precision when the target speed is known or when it can be accurately calculated. 
In the opposite case, which is what usually happens in operational scenarios, an 
a priori set of Doppler coefficients must be used to formulate a "synchronization" 
algorithm suitable for target Doppler estimation. This type of methods must take 
under consideration the fact that the sub-band MF outpus are completely uncor- 
related as it appears from the normalized target echoes. On the contrary, their 
normalized average, which peaks at the median value of the sub-band maxima, has 
a less fluctuating envelope than the individual sub-band time series. 

The detection time delay due to the Doppler effect is exploited for the estimation 
of the relative velocity between source and receiver based on different sub-bands of 
the same ping (intra-ping range rate estimate). The relationship between intra-ping 
and inter-ping estimation is also derived. 

Although the utilization of wide band signals may offer significant detection advan- 
tages, broadband processing is particularly susceptible to the Doppler effect.  The 
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frequency shift caused by relative velocity between source and receiver is frequency 
dependent itself and is exacerbated by long duration signals. This renders wide 
band Doppler compensation a complicated task. For research purposes, one way to 
minimize the Doppler effect in order to focus on the increased bandwidth processing 
aspect of the problem is to design the experiment so that source and receiver move 
in a parallel course with the same direction. 

With respect to fleet oriented applications, it should be emphasized that long dura- 
tion transmission creates significant operational disadvantages. The present results 
may be used to demonstrate the following point: during the 12 s transmission the 
hydrophones are overloaded due to a combination of the direct arrival and reverber- 
ation; this creates a "blind range" of approximately 9 km. The longer the pulse, the 
longer the "blind range". Target detection methods are most likely to fail at this 
range. It is recommended that when operational scenarios demand the utilization of 
long pulses (e.g. for energy increase), to alternate these signals with shorter pulses 
(which provide better near field detection capabilities) in order to control possible 
target presence at close range. 

Future plans in broadband processing include the generation of ROC curves as a 
standard measure of performance and analysis of the frequency dependence of both 
detection and false alarm probability. 
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